Aneuploidy, the state of having a chromosome number different from a multiple of the haploid number, has been associated with diseases and developmental disorders. The role of aneuploidy in human disease pathology, especially in cancer, has been a subject of much attention and debate over the last century due to the intrinsic complexity of the phenomena and experimental challenges. Over the last decade, yeast has been an invaluable model for driving discoveries about the genetic and molecular aspects of aneuploidy. The understanding of aneuploidy has been significantly improved owing to the methods for selectively generating aneuploid yeast strains without causing other genetic changes, techniques for detecting aneuploidy, and cutting-edge genetics and 'omics' approaches. In this review, we discuss the contribution of studies in yeast to current knowledge about aneuploidy. Special emphasis is placed on experimental features that make yeast a simpler and efficient model to investigate the complex questions in the field of aneuploidy.
Introduction
Eukaryotic cell division is a highly complex and regulated process involving a robust surveillance mechanism, called mitotic checkpoint (or spindle assembly checkpoint), to ensure the fidelity of chromosome segregation. Alterations in mitotic checkpoint and components of the chromosome segregation machinery often result in an unbalanced genomic state called aneuploidy (Aguilera & Gomez-Gonzalez, 2008) . Aneuploidy exists in somatic cells such as normal human brain (Rehen et al., 2005) and liver (Duncan, 2013 ). Aneuploidy at the organismal level in humans causes embryonic lethality; few viable aneuploidies cause genetic disorders such as Down's syndrome (trisomy 21) and Edwards' syndrome (trisomy 18) (Nagaoka et al., 2012) . Aneuploidy has also been recognized as a common characteristic of cancer cells for more than 100 years (Boveri, 1914; Holland & Cleveland, 2009) . Cancer is a dynamic evolutionary system where cells are continuously selected against restrictive conditions ranging from tissuespecific growth regulators to various drug treatments. The adaptability and evolvability of cancer cells could be attributed to their genomic diversity conferred by aneuploidy and other forms of mutations (Nowell, 1976; Pavelka et al., 2010a; Thomas et al., 2013) .
The implications of aneuploidy in cancer, drug resistance, and pathogenicity, as well as the existence of aneuploidy in normal human brain and liver, are the subjects of recent attention. Considering the continual karyotypic changes and heterogeneity in aneuploid cell populations and the difficulty in separating the effect of aneuploidy from other types of genetic aberrations, the molecular mechanisms underlying the diverse phenotypic effects of aneuploidy remain poorly understood. Despite the large effort devoted to the elucidation of the causes and consequences of aneuploidy, it is hindered by inherent scientific and technical difficulties (McGranahan et al., 2012) . The study of aneuploidy in cancer cells is complicated by the presence of numerous point mutations and a variety of other chromosomal abnormalities such as inversions and translocations. In addition, investigation into the physiological and pathological effects of aneuploidy in multicellular organisms is limited by difficulties in generating isogenic and stable aneuploid cell populations.
Adding to these difficulties are the low-throughput, labor-intensive and expensive methods currently available for accurate karyotyping. These experimental challenges underscore the need for model organisms and more efficient experimental techniques to facilitate the study of the diverse aspects of aneuploidy at the cellular and molecular levels.
A simple model organism, such as the budding yeast Saccharomyces cerevisiae, has emerged as a robust and versatile model system for studying the effects of genetic alterations (Botstein & Fink, 2011) . A unicellular eukaryote, the budding yeast, is particularly suitable for studying the effects of aneuploidy on cellular physiology because of its small genome, divided into sixteen chromosomes, and is well tolerant of aneuploidy (Parry & Cox, 1970) . The budding yeast is naturally a diploid, and on a diploid background, aneuploidies can be more easily tolerated; loss of chromosome in a haploid background causes lethality. In addition, it is possible to generate isogenic aneuploid yeast strains without causing other genomic changes. Yeast studies of aneuploidy using genomics and proteomics approaches have significantly improved the understanding of the causes and consequences of aneuploidy. Many yeast biochemical pathways are conserved across the higher eukaryotic species justifying the use of yeast as a simple model system for studying complex biological processes. In this review, we summarize the contribution of studies in yeast to the current understanding of the causes and consequences of aneuploidy. Special emphasis is given to the methods for the generation of a variety of aneuploid yeast strains and karyotyping.
Causes of aneuploidy in yeast
Chromosome segregation and replication errors are the causes of aneuploidy. The frequency of spontaneous chromosome gain or loss in laboratory strains of budding yeast can be considered quite high by the fact that in S. cerevisiae, the mutation rate is c. 0.33 9 10 À9 per cell division (Lynch, 2010) . In standard laboratory conditions, the spontaneous loss rate of chromosome V in diploid budding yeast S. cerevisiae is around 2-8 per 10 6 cell divisions (Hartwell & Smith, 1985; Klein, 2001) . Also, aneuploidy acts upon a very narrow genomic space of 16 chromosomes compared with the length of the genome for point mutations. Accordingly, the chance of specific aneuploidy to occur is much higher compared with other types of mutations. Proper functioning of the mitotic spindle apparatus and the correct structural organization of the duplicated chromosomes are essential for the fidelity of chromosome segregation in mitosis (Page & Snyder, 1993) . Furthermore, the spindle assembly checkpoint serves as a surveillance mechanism to prevent chromosome missegregation in mitosis (Musacchio & Salmon, 2007) . Defects in any of these biological processes could compromise the accuracy of chromosome segregation producing an aneuploid progeny. Genetic screens in budding yeast have shown at least 10% of its genome is involved in the maintenance of chromosome stability (Ouspenski et al., 1999; Smith et al., 2004; Kanellis et al., 2007; Yuen et al., 2007; Stirling et al., 2011) . These genes are referred as chromosome instability (CIN) genes because their mutations cause CIN. Many of these CIN genes are known to function in processes such as kinetochore and spindle microtubule interaction, DNA replication, repair, condensation, and the spindle assembly checkpoint (Stirling et al., 2011) . It is essential to distinguish true CIN genes from genes whose mutations may not necessarily cause CIN, but pose a strong selection for certain aneuploid karyotypes that help alleviate growth deficiencies caused by gene mutations (Hughes et al., 2000; Rancati et al., 2008) . For example, big colonies isolated from rnr1D strain were found to have an extra copy of chromosome IX. This could be the result of a selection for the improved growth by increasing dosage of a paralog gene RNR3 on chromosome IX, but the deletion of RNR1 may not necessarily cause CIN.
Environmental stress has also been shown to induce chromosome missegregation in yeast. Exposure of the pathogenic yeast, Candida albicans, to heat stress and antifungal drugs elevates the frequency of chromosome loss (Forche et al., 2011) . Also in Cryptococcus neoformans, high dose of fluconazole treatment has been suggested to cause chromosomal instability (Sionov et al., 2010) . It was noticed that the high frequency (0.3-0.6%) at which aneuploidy occurs in C. neoformans under fluconazole stress could not be the result of spontaneous aneuploidy formation. A recent study investigating how diverse stress conditions affect CIN in budding yeast through monitoring the loss of a minichromosome found that many stress conditions were shown to promote CIN (Chen et al., 2012) . In particular, inhibition of the Hsp90 chaperone by various means markedly increased the loss rate of artificial chromosome compared with stress-free culture condition. This effect was linked to the crucial role of Hsp90 in kinetochore assembly.
Another route to aneuploidy in yeast is through polyploidization. Meiosis of triploid or pentaploid cells gives rise to an almost exclusively aneuploid progeny. Mitosis of polyploid cells is also known to be error-prone. Tetraploid S. cerevisiae loses chromosomes at a higher rate than diploid (Mayer & Aguilera, 1990) . This is thought to be caused by an increased incidence of syntelic (monopolar) kinetochore attachments, which arise due to an altered spindle geometry in tetraploids (Storchova et al., 2006) . The tetraploid C. albicans can undergo dramatic chromosome loss when growing on S. cerevisiae 'presporulation' media and sorbose media. This often results in a diploid or near-diploid aneuploid progeny (Bennett & Johnson, 2003) .
The effect of aneuploidy on gene expression
Recent studies in yeast suggest that phenotypic effects of aneuploidy are directly linked to changes in the expression of many genes (Torres et al., 2007; Rancati et al., 2008; Pavelka et al., 2010b; Chen et al., 2012) . There are several possible mechanisms by which aneuploidy could affect gene expression and phenotype (Birchler, 2010; Pavelka et al., 2010b) .
The effects of aneuploidy on gene expression can be divided as those proportional to DNA dosage, known as 'inlier' changes, or as those far beyond the DNA dosage, known as 'outlier' changes. The 'inlier' gene expression change is often moderate as it is chromosome copy-number-driven and occurs to most genes encoded on aneuploid chromosomes. For example, in haploid aneuploid strains carrying an extra copy of one of the sixteen S. cerevisiae chromosomes (disomies), the expression of most of the genes on an aneuploid chromosome was found to be increased twofold as compared with the haploid control (Torres et al., 2007) . A similar observation came from analysis of a set of relatively stable aneuploid S. cerevisiae strains generated by triploid meiosis, where the relative level of mRNA (compared with euploid) for most of the genes encoded on aneuploid chromosomes directly correlates with the relative gene copy number, but a small number genes are found to be robust to their copy number and do not change their expression although the DNA copy number has changed (Pavelka et al., 2010b) . A direct DNA dosage effect on gene expression was observed in 23 aneuploid strains from a yeast deletion collection (Sheltzer et al., 2012) . In other studies, such as in the case of fluconazole-resistant C. albicans isolates, the RNA expression change (compared with euploid) was found to correlate with the DNA copy number change (Bouchonville et al., 2009) . From the observation that more than 90% of genes react quite linearly to changes in their DNA copy number, whole chromosome and large segmental aneuploidy can be detected easily and reliably by plotting gene expression data according to their chromosomal location (Hughes et al., 2000; Bouchonville et al., 2009) .
However, the impact of aneuploidy on gene expression is not limited to a simple dosage effect. Observed in every aneuploid yeast strain analyzed in our studies, there were a small number of genes with expression changes greater than the several standard deviations from the average chromosome expression change. These genes with 'outlier' expression changes are distributed throughout the genome (Rancati et al., 2008; Pavelka et al., 2010b) . Yeast transcriptional network analysis found that 'outlier' genes are enriched as functional targets of the regulatory factors encoded on aneuploid chromosomes. This implies that a substantial subset of outlier gene expression changes can be viewed as a downstream consequence of the inlier gene expression changes due to karyotypic changes (Rancati et al., 2008) .
Do the apparent effects of aneuploidy on transcriptome translate to similar effects on the proteome? In S. cerevisiae aneuploid strains generated from triploid meiosis, quantitative proteomic analysis using multidimensional protein identification technology (MudPIT) revealed that the relative expression of a majority of proteins encoded on aneuploid chromosomes scaled proportionally to DNA and mRNA dosage. Using the method of stable isotope labeling by amino acids in cell culture, proteomic analysis performed in disomic budding yeast aneuploid strains arrived at a similar conclusion. However, in the latter study, c. 20% of the proteins analyzed did not show a proportional increase in accordance with the chromosome number and the gene expression change, leading the authors to conclude that dosage compensation occurs in aneuploid yeast only for some genes. Further analysis of proteins that did not follow the trend of copy number change showed that a majority of these proteins were components of various protein complexes (Torres et al., 2010) . Although the mechanism underlying the observed dosage compensation remains to be elucidated, it has been suggested that the reduced stability of proteins encoded on gained chromosomes may be due to insufficient incorporation of these proteins into their native complexes (Torres et al., 2007 (Torres et al., , 2010 . The study characterizing the effects of heterozygous deletions on protein expression in budding yeast showed a general lack of compensation mechanism at the protein level (Springer et al., 2010) .
Phenotypic effects of aneuploidy
The euploid chromosome number in a given species is an optimum acquired during the evolution of that species. Generally, aneuploidy is not well tolerated in nature, manifested by impaired fitness at the cellular and organismal levels. Systematic analysis of budding yeast disomic strains showed slower cell proliferation under normal conditions compared with euploid strains (Torres et al., 2007) . Similar poor proliferative capacity under standard growth parameters is exhibited by aneuploid strains generated from triploid meiosis in S. cerevisiae and S. pombe (Niwa et al., 2006 , Pavelka et al., 2010b . Studies in S. cerevisiae and S. pombe aneuploid strains have shown that aneuploidy causes delay in the G1 phase of their cell cycle (Niwa et al., 2006 , Torres et al., 2007 Pavelka et al., 2010b) . Recent study has characterized the G1 delay in aneuploid cells as a consequence of a slower accumulation of G1 cyclins (Thorburn et al., 2013) .
Even though aneuploidy impairs growth and fitness under stress-free conditions, its adaptive value becomes apparent under conditions detrimental to euploid yeast strains. Emerging evidence suggests that aneuploidy is a form of genome alteration that promotes adaptive evolution of cells in response to harsh environments or genetic perturbations (Table 1) . For example, certain aneuploid karyotypes in budding yeast enable them to overcome nutrient limitations such as low-glucose, low-phosphate or low-sulfate media (Gresham et al., 2008) . In pathogenic fungi, aneuploidy is widely known to be associated with drug resistance and increased pathogenicity (Polakova et al., 2009; Sionov et al., 2009; Hu et al., 2011; Silva et al., 2012) (Morrow & Fraser, 2013) .
The selection for aneuploidy under stress is affected by the cost of aneuploidy. Given that the cost of aneuploidy is proportional to the chromosomal length (Tang & Amon, 2013) , it is conceivable that under some stresses, there are many genes whose altered expression can be beneficial. Yet, a particular chromosome that harbors some of these genes and is associated with less cost would have a higher probability to be selected. The adaptive benefits of aneuploidy can be attributed to the altered dosage of single or multiple genes on an aneuploid chromosome. For example, in the systematic analysis of 38 aneuploid S. cerevisiae strains, some aneuploid variants showed improved fitness compared with parental euploid strains under adverse conditions such as treatment with the tumorigenic compound 4-nitroquinoline-oxide (4-NQO). The improved fitness in the presence of 4-NQO was attributed to the increased expression of the gene ATR1, whose copy number was increased through the gain of chromosome XIII (Pavelka et al., 2010b) . ATR1 encodes a transporter protein known to confer 4-NQO resistance when overexpressed (Mack et al., 1988) . Another example is radicicol resistance associated with chromosome XV gain in S. cerevisiae. This was attributed to the synergistic effect of the increased dosage of two genes, STI1 and PDR5 (encoding an Hsp90 cochaperone and a drug pump, respectively), encoded on chromosome XV (Chen et al., 2012) .
A remarkable adaptive effect of aneuploidy in budding yeast was observed in the case of myo1Δ. MYO1 encodes the myosin-II motor protein that normally drives bud neck constriction during cytokinesis. Whereas the deletion of MYO1 results in massive cytokinesis failure and lethality in most cells (Tolliday et al., 2003) , a few myo1Δ survivors were able to evolve alternative cytokinesis mechanisms through changes in chromosome stoichiometry. One class of the myo1Δ 'evolvants' restores cytokinesis by cell wall thickening in the bud neck region by up-regulating the set of genes involved in the cell wall biogenesis. Located on both euploid and aneuploid chromosomes, many of these showed outlier gene expression (Rancati et al., 2008) . Further analysis demonstrated that these gene expression changes were due to extra copies of two genes -RLM1 (a transcription factor) and MKK2 (activator of RLM1) -located on chromosome XVI. By simply introducing extra copies of RLM1 and MKK2 into myo1D, the evolved mechanism of cytokinesis was recapitulated. Well-annotated functional genomics data in yeast have been particularly helpful in unraveling the molecular mechanisms by which an aneuploid karyotype confers a particular phenotype. In aneuploid cancer cells, identifying specific genes on an aneuploid chromosome that could account for the growth advantage is more challenging.
Aneuploidy and chromosomal instability in yeast
While aneuploidy is a product of CIN, it also correlates with elevated chromosomal instability observed as gaining or losing chromosomes at a high frequency. This vicious cycle is thought to underlie cancer 'genome chaos' (Potapova et al., 2013) . Studying the relationship between aneuploidy and chromosomal instability in cancer cells is complicated by the presence of a variety of other genetic changes. Therefore, a simple and genetically tractable model system, such as yeast, holds many advantages for studying this phenomenon. The observation of chromosomal instability in aneuploid yeast cells was made more than four decades ago (Parry & Cox, 1970) . Extra chromosomes in aneuploid strains generated from triploid meiosis were found to have a higher loss rate, generating karyotypically diverse cell populations (St Charles et al., 2010) . High rates of chromosomal instability were also seen in aneuploid C. albicans strains exposed to the stresses of routine experimental techniques such as transformation (Bouchonville et al., 2009) . Recently, the link between chromosomal instability and aneuploidy was addressed systematically using several approaches. The rate of chromosome missegregation inferred from the loss of artificial chromosome was found to increase in 9 of 13 yeast disomic strains (Sheltzer et al., 2011) . Similarly, monosomic budding yeast cells showed an increased chromosomal instability and were predisposed to return to a diploid karyotype when cultured under standard conditions (Waghmare & Bruschi, 2005; Chen et al., 2012) . For example, chromosome XVI monosomic strain was found to be karyotypically unstable under normal conditions, but when maintained under tunicamycin selection, it appeared stable in terms of population homogeneity. This underscores the challenge of finding the right conditions to separate selection vs. intrinsic genomic stability (Chen et al., 2012) . A recent study demonstrated a positive correlation of CIN with the degree of aneuploidy as well as with the presence of specific aneuploid chromosomes and dosage imbalance between specific chromosome pairs (Zhu et al., 2012) . The 'genome chaos' created by aneuploidy-associated CIN may be a powerful mechanism for the rapid generation of karyotypic diversity in the population, providing the substrate for evolutionary selection of adaptive genomes (Nowell, 1976; Merlo et al., 2006; Selmecki et al., 2006 Selmecki et al., , 2009 Rancati et al., 2008; Chen et al., 2012) .
Experimental approaches in the study of aneuploidy using yeasts as a model organism
Methods for generating aneuploidy in yeast
A number of different methods have been developed to generate aneuploidy in yeast. An efficient way for obtaining random aneuploid strains is by sporulation of polyploid strains with an odd ploidy. This method takes an advantage of the fact that in triploid and pentaploid strains, homologous chromosomes segregate randomly in the first meiotic division, thereby giving rise to mostly aneuploid spores (Fig. 1a) . It has been used successfully in generating budding yeast strains with diverse karyotypes and for generating fission yeast with disomy III (Niwa & Yanagida, 1985; Niwa et al., 2006 , Rancati et al., 2008 Pavelka et al., 2010a, b; St Charles et al., 2010) . As discussed above, aneuploid strains derived from this method have various levels of karyotypic instability; relatively stable karyotypes could be obtained by screening for strains with low level of intrapopulation karyotype heterogeneity (Pavelka et al., 2010a, b; Zhu et al., 2012) . Another method for obtaining aneuploid budding yeast strains with random chromosome stoichiometry is a treatment with a low concentration of radicicol, thereby disrupting normal kinetochore function (Chen et al., 2012) . When a diploid strain was treated with 20 lg mL À1 radicicol for 2 days, about one-third of the population was found to be an aneuploid with diverse karyotypes (Fig. 1b) (Chen et al., 2012) . This is one simple way to generate yeast aneuploid strains as it does not require a complicated genetic manipulation. Defined aneuploid strains with simple karyotypes could be obtained by two other means. One is through the use of a conditional centromere where a GAL1 promoter is inserted adjacent to centromere sequences (Hill & Bloom, 1987; Reid et al., 2008; Anders et al., 2009) . Transcriptional induction of the promoter abrogates centromere function and causes chromosome nondisjunction (Fig. 1c) . Both disomies and monosomies have been isolated using this approach. Another method for isolating disomies is through chromoduction (Conde & Fink, 1976; Nilsson-Tillgren et al., 1980; Torres et al., 2007) . This method utilizes the rare chromosome transfer between two haploid strains during abortive mating (Fig. 1d) . The disomic chromosome can be selected by introducing selectable markers to both homologs. This selection prevents only the loss, but not the gain of disomic or any other yeast chromosomes in the strain. The manipulation of the carbon source can also be used to generate aneuploidy in Candida species. For example, sorbose is used as the sole carbon source to generate monosomy and subsequently homozygosity of chromosome V and mating type in C. albicans (Magee & Magee, 2000) and C. tropicalis (Porman et al., 2011) . Strains with complex and simple aneuploid karyotypes have proven to be complementary in the study of the aneuploidy. Of practical note, because of the intrinsic instability of aneuploid strains, it is essential to frequently check the karyotype (see methods below) of the strains during passages and especially after revival from frozen stocks.
Methods for the detection of aneuploidy in yeast
Recently developed genomic analysis techniques have advanced our ability to monitor karyotype changes and determine chromosome copy numbers in yeast. Here, we discuss various approaches used to detect whole chromosome aneuploidy. These approaches include electrophoresis-based methods, flow cytometry, array-comparative genomic hybridization (a-CGH), qPCR karyotyping, and next-generation sequencing (NGS). Besides the determination of chromosome copy number variations, these karyotyping methods allow an assessment of the size of chromosomes, genome size and ploidy level, study of genome dynamics, identification of gross chromosomal rearrangements, and associated chromosomal polymorphism. Considering the scope of this article, these methods are focused for karyotyping yeast cells, but are generally applicable to other eukaryotic organisms.
Electrophoresis-based karyotyping
Pulsed-field gel electrophoresis (PFGE) has been widely used in epidemiological studies of pathogenic yeasts and optimized for the separation of C. albicans and S. cerevisiae chromosomes (Doi et al., 1992; Maringele & Lydall, 2006) . Although PFGE has been mainly used to detect gross chromosomal rearrangements (Pardo & Aguilera, 2012; Reis et al., 2012) , quantitative Southern blotting after the separation of chromosomes by PFGE can be used to detect alterations in the relative copy number of different chromosomes (Fig 2a) (Chen et al., 2004; Bouchonville et al., 2009) . A detailed protocol can be obtained from the cited reference (O'Brien et al., 2006) . Another method for chromosome copy number determination is the multiplex PCR method with microcapillary electrophoresis where chromosomal DNA is separated based upon the size-to-charge ratio in the interior of a small electrolyte-filled capillary. Further, using a bioanalyzer, aneuploidy in the test sample can be determined by the relative ratio of the peak height of the test to euploid control DNA fragments in the chromatogram (Arbour et al., 2009; Mitchell et al., 2013) .
Flow cytometry
Flow cytometry is a convenient and least expensive method for the assessment of ploidy variation in the population. This technique provides an overview of cellular DNA content rather than information on the gain or loss of specific chromosomes. Estimation of DNA content is based on the use of an intercalating fluorescent dye such as SYTOXâ Green dye, which binds proportionally to DNA, allowing estimation of DNA cell cycle distribution and ploidy for thousands of cells per second (Fig 2b) . This method has been optimized and routinely used for both Candida and Saccharomyces species. A detailed protocol can be obtained from cited references (Haase & Lew, 1997; Ibrahim et al., 2005; Darzynkiewicz et al., 2010; Zhu et al., 2012) . This technique is also highly adaptable to a high-throughput format.
a-CGH
Whereas electrophoresis and flow cytometry-based methods allow rapid detection of aneuploid genome, a-CGH provides a high-resolution map of both DNA copy number changes and possible structural chromosomal aberrations (Pinkel & Albertson, 2005) . In typical a-CGH measurements, total genomic DNA from a test sample and a normal reference sample is hybridized to an array of fluorescent probes spanning the entire genome. The fluorescence intensity is then measured and compared with reference samples, indicating chromosome copy number changes as well as the gain or loss of specific loci. A variety of studies has used this method to monitor whole and segmental chromosome aneuploidy (Fig 2c) (Pinkel & Albertson, 2005; Torres et al., 2007; Rancati et al., 2008; Arbour et al., 2009; Selmecki et al., 2009; Pavelka et al., 2010a, b; Chen et al., 2012) . A detailed protocol can be referred from cited reference (Dion & Brown, 2009 ). An advanced form a-CGH-based method involves the use of single nucleotide polymorphisms (SNP) array. It is a rapid, high-resolution, and cost-effective tool used for the characterization of changes in allele diversity as well as chromosome copy number in C. albicans and also in S. cerevisiae (Song & Petes, 2012) .
qPCR karyotyping
Although a-CGH offers a high-resolution map of the genome, its limitations include low throughput, high costs, and cumbersome sample preparation. qPCR-based karyotyping is a more convenient and is high-throughput method, although less accurate method, for monitoring whole chromosome aneuploidy. The existing protocol employs primers recognizing a noncoding region of each arm of a chromosome, and the amplified PCR product can be detected using several fluorescent intercalating dyes, such as SYBR â Green dye in a real-time manner.
With the use of liquid-handling robotics, the entire procedure, from genomic DNA extraction to the q-PCR, can be easily performed in a high-throughput format. This method has been used successfully in several yeast aneuploidy studies (Fig 2d) (Pavelka et al., 2010a, b; Chen et al., 2012; Zhu et al., 2012) .
NGS karyotyping
NGS karyotyping is based upon massive parallel sequencing of the whole yeast genome. In brief, genomic DNA is used to create a library of smaller fragments and then sequenced by millions of parallel reactions generating nucleotide reads. The differential coverage abundance across segments of the reference genome is used to detect chromosome copy number variation (Dudarewicz et al., 2005; Didelot et al., 2012; Nekrutenko & Taylor, 2012) . Beside copy number information, determination of SNP by sequencing also allows consideration of whether the presence of SNP contributes to phenotypic changes associated with an aneuploid strain (Fig 2e) (Rancati et al., 2008; Pavelka et al., 2010a, b; Torres et al., 2010) . A recent study has used RAD-Seq as a cost-effective form of NGS for karyotyping. In this method, whole genome is cut using at least one restriction enzyme and sequenced using Illumina high-throughput sequencing technology. An alteration in chromosome copy number can be detected from the alignment of resultant reads of the test sample to a reference genome (Baird et al., 2008; Hohenlohe et al., 2010; Tan et al., 2013) . The throughput of NGS machines has improved dramatically over the past few years. A recent study revealed the genotyping of 1000 yeast strains, at the cost of < 15 euros per sample, in a few weeks (Wilkening et al., 2013) . Also, due to the recent development of single-cell whole genome amplification of an individual human cell, high-coverage single-cell sequencing is now possible (Zong et al., 2012) .
Future Perspective
In this review, we discussed recent progress in understanding of the causes and consequences of aneuploidy through studies in yeast. We also highlighted the methods to generate and detect aneuploidy in yeast. Yeast has proven to be a useful model in studying aneuploidy on account of its powerful genetics. For instance, the gain of chromosome XVI converts a budding yeast colony from a 'fluffy' to a 'smooth' morphology. Further, the gene responsible for the phenotypic switch was easily identified (Tan et al., 2013) . This exemplifies the benefit of well-annotated functional genomics data and a plasmid library of the yeast genome (Hvorecny & Prelich, 2010) in unraveling the molecular mechanism by which an aneuploid karyotype confers a particular phenotype. However, many questions remain unanswered. For example, as a large portion of yeast CIN genes involved in cellular pathways is not connected to chromosome stability, additional mechanisms have yet to be identified that would lead to aneuploidy (Stirling et al., 2011) . Existing data have clearly demonstrated the adaptive potential of aneuploidy under acute stress, but whether aneuploidy could contribute to long-term adaptive evolution is less clear. A recent experimental evolution study suggested that aneuploidy per se might not serve as a stable and sustainable evolutionary solution (Yona et al., 2012) . Yona et al. observed that when diploid budding yeast grew under heat and high pH conditions, aneuploids were observed first, but were eventually replaced by gene mutations. Thus, aneuploidy may be a quick and rough fix under strong selective pressure, allowing sufficient propagation of the population for the emergence of adaptive mutations with less fitness cost than aneuploidy. Giving the constantly changing environment where unicellular organisms live, it is tempting to speculate that natural selection might favor the evolution of mechanisms that would modulate chromosome segregation fidelity based on the presence of environmental stress, such as critically involving a stress-handling chaperone (Hsp90) in the kinetochore function.
Another key question is, 'To what extent, can the knowledge we have gained about aneuploidy in yeast be applied to multicellular organisms?' As chromosome segregation is a highly conserved cellular process in eukaryotes, it is safe to say that the mechanisms of CIN in yeast could also be applied to human. Multicellular organisms may respond differently to aneuploidy as compared to yeast. For instance, whole chromosome aneuploidy is largely detrimental in multicellular species (Williams et al., 2008) . At the cellular level, it has been suggested that the proliferation of aneuploid mouse and human cells could be limited through the p53 pathway, which do not exist in yeast (Belyi et al., 2010; Thompson & Compton, 2010) . Nonetheless, most cancer cells inactivate the p53 pathway and could evolve through the production of aneuploidy (Belyi et al., 2010; Navin et al., 2011) . Besides aneuploidy, cancer cells also hold mutations and epigenetic deregulation. Nevertheless, yeast will remain a useful experimental model for future elucidation of the interplay between small and large genetic changes and their influence on the epigenome and vice versa.
